The mammalian Ste20 kinase Nck-interacting kinase (NIK) specifically activates the c-Jun amino-terminal kinase (JNK) mitogen-activated protein kinase module. NIK also binds the SH3 domains of the SH2/SH3 adapter protein Nck. To determine whether Nck functions as an adapter to couple NIK to a receptor tyrosine kinase signaling pathway, we determined whether NIK is activated by Eph receptors (EphR). EphRs constitute the largest family of receptor tyrosine kinases (RTK), and members of this family play important roles in patterning of the nervous and vascular systems. In this report, we show that NIK kinase activity is specifically increased in cells stimulated by two EphRs, EphB1 and EphB2. EphB1 kinase activity and phosphorylation of a juxtamembrane tyrosine (Y594), conserved in all Eph receptors, are both critical for NIK activation by EphB1. Although pY594 in the EphB1R has previously been shown to bind the SH2 domain of Nck, we found that stimulation of EphB1 and EphB2 led predominantly to a complex between NIK/Nck, p62 dok , RasGAP, and an unidentified 145-kDa tyrosine-phosphorylated protein. Tyrosine-phosphorylated p62 dok most probably binds directly to the SH2 domain of Nck and RasGAP and indirectly to NIK bound to the SH3 domain of Nck. We found that NIK activation is also critical for coupling EphB1R to biological responses that include the activation of integrins and JNK by EphB1. Taken together, these findings support a model in which the recruitment of the Ste20 kinase NIK to phosphotyrosine-containing proteins by Nck is an important proximal step in the signaling cascade downstream of EphRs.
The Eph family of receptor tyrosine kinases (RTKs) is the largest family of RTKs (8, 23, 34) . Recent experimental evidence has indicated that members of this family play critical roles in patterning of the embryo. However, Eph receptors (EphRs) are best known for their roles in patterning of the central and peripheral nervous systems and the vascular system (reviewed in references 13, 23 and 34) . In the developing nervous system, EphRs function primarily as repulsive cues toward migrating axons and neural crest cells. This activity, coupled with the finding that EphRs and their ligands (ephrins) are expressed in reciprocal compartments in the developing embryo, has led to the suggestion that EphRs function as barriers to migrating axons and cells. In the vascular system, EphRs play a critical role in remodeling of the vascular system (1, 51, 54) .
At least 14 different EphRs have been identified (11) . These receptors can be divided into two subclasses, EphA and EphB, based on the cell surface ligand with which they interact (12) . Ligands that interact with EphA receptors are linked to the cell surface by a glycosylphosphatidylinositol linkage and as a group are referred to as the ephrinA subclass of ligands, whereas ligands that interact with EphB receptors are transmembrane proteins and are referred to as the ephrinB subclass of ligands (11, 12, 23) . In comparison to other RTKs, which are usually activated by a single ligand, individual EphRs display various binding affinities for a number of different ephrins, and as a result, a single EphR can be activated to various degrees by a number of different ephrins of the same subclass (23, 34) .
Little is known about the intracellular signaling pathways that are responsible for mediating the specific biological roles of members of the Eph family. The mechanism whereby EphRs signal cells is further complicated by the finding that bidirectional signaling occurs between EphB receptors and their ephrinB ligands (4, 22) . Thus, specific phenotypes in gene "knockout" studies in mice cannot always be attributed to loss of signaling by an EphR but, rather, may be attributable to the loss of signaling by the corresponding ephrinB ligand, as has been reported for EphB2 knockout mice (19) . The finding that EphRs mediate repulsive signals to migrating axons and neural crest cells has led to the idea that members of this family stimulate the reorganization of cytoskeletal elements and/or the adhesive properties of cells; for example, collapse of the axonal growth cone stimulated by ephrins probably can be attributed to Eph-stimulated changes in the cytoskeletal architecture and/or cell adherence (50) . Small GTPases of the Rho/ Rac family are prime candidates for mediating some of these effects, but a link between EphRs and Rho/Rac family GTPases has not yet been found.
A number of signaling molecules that are recruited to the EphR signaling pathway have now been identified by using the yeast two-hybrid system and by identifying tyrosine-phosphorylated proteins and the proteins with which they associate in Eph-stimulated cells. These studies have led to the identification of several SH2 domain-containing proteins that associate with EphRs including the SH2/SH3 adapter proteins Nck, p85-associated phosphoinositide 3-kinase, SLAP, Grb2, and Grb10, as well as Src family kinases and the Ras GTPase-activating protein (RasGAP) (9, 21, 35, 36, (44) (45) (46) . In addition, p62 has recently been shown to be tyrosine phosphorylated in EphB2-stimulated cells, and tyrosine-phosphorylated p62 dok in turn binds the SH2 domain of Nck and RasGAP, generating a complex containing these three proteins in EphB2-stimulated cells (21) .
As discussed above, one downstream target of Eph receptors is Nck. Nck is a ubiquitously expressed protein composed entirely of a single SH2 and three SH3 domains and thus fits into the adapter class of signaling molecules (29) . Nck and related adapter proteins such as Grb2 are thought to regulate signaling pathways downstream of tyrosine kinases by coupling catalytic subunits, bound to their SH3 domains, to phosphotyrosinecontaining proteins that interact with their SH2 domains (37, 41, 43) . Recent studies with Drosophila have shed light on the probable function of Nck in mammalian cells. The Drosophila homolog of Nck, encoded by dreadlocks (dock), was cloned in a genetic screen searching for proteins that are critical for proper targeting of photoreceptor (R) axons. In dock mutants, R axons show abnormal clumping and crossing over, with some R1 to R6 axons overshooting their target in the lamina and projecting into the medulla in the optic lobe (15) . It has been proposed that dock mediates R-cell targeting by functioning as an adapter molecule to couple a signaling molecule bound to its SH3 domain to a receptor tyrosine kinase functioning at the axonal growth cone. EphRs form one class of receptors that may function upstream of dock/Nck at the axonal growth cone. This possibility would be supported by the findings that EphRs regulate the targeting of R axons in both chickens and mammals and that Nck, via its SH2 domain, is recruited to phosphotyrosine-containing proteins in EphB1-and EphB2-stimulated cells (11, 34, 45) .
We have previously identified a Ste20-related kinase, Nck interacting kinase (NIK), in mammalian cells that binds the SH3 domains of Nck and is thus a potential downstream effector for the SH3 domains of Nck (47) . In addition to binding Nck, NIK is a mitogen-activated protein kinase kinase kinase kinase (MAP4K) that specifically activates the JNK MAPK module (47) . Recent genetic studies with Drosophila have demonstrated the roles of NIK as a regulator of the JNK MAPK pathway and as a downstream target of dock and/or a related SH3 domain-containing protein, important for correct targeting of R axons (48; Y.-C. Su, C. Maurel-Zaffran, J. E. Treisman, and E. Y. Skolnick, submitted for publication). We have recently shown that a fly homolog of NIK called misshapen (msn) is present in Drosophila and functions as a MAP4K to stimulate JNK activation and dorsal closure in the Drosophila embryo (48) . In addition, msn is required for the correct targeting of photoreceptor axons (Sut et al., submitted). Interestingly, while dock does not act upstream of msn in a pathway leading to JNK activation and dorsal closure, we found that a form of msn that is unable to bind dock is not able to signal the correct targeting R axons. These findings suggest that an interaction between msn, dock, and/or a related SH3 domain containing protein is critical for msn to be activated at the axonal growth cone (Su et al., submitted unattached cells were dislodged by five brisk slaps of the plate on a horizontal surface. The wells were washed with PBS, and adherent cells were fixed in 0.2% glutaraldehyde, stained with 0.5% crystal violet, and quantified by measurement of the optical density at 570 nm. To verify that NIK constructs were expressed at equal levels, half of the transfected cells were lysed after 48 h and immunoblotted with the anti-myc antibody 9E10.
RESULTS
NIK activity is increased in cells stimulated by the EphB1 and EphB2 receptors. Polyclonal antibodies to NIK were generated by immunizing rabbits with a GST-NIK fusion protein (amino acids 443 to 619) (47) . Using immunoprecipitation and immunoblotting, we found that NIK is expressed at its highest levels in cells of neuroepithelial origins, consistent with the idea the NIK functions in the nervous system and is a potential downstream target of EphRs (data not shown). Anti-NIK antibodies, but not preimmune serum, specifically recognize two endogenous proteins that run at molecular masses of 140 and 150 kDa in both P19 and NG108 cells ( Fig. 1 and data not shown). The 140-kDa band comigrates with NIK obtained from 293 cells transfected with the NIK cDNA (data not shown). The nature of the 150-kDa band recognized by anti-NIK antibodies is not clear. Our inability to alter the mobility of this band in SDS-polyacrylamide gels by treatment with alkaline phosphatase indicates that this protein does not arise as a result of posttranslational modification by phosphorylation and suggests that it represents an alternatively spliced NIK isoform or a closely related protein (data not shown).
To determine whether NIK is a downstream target of EphRs, we tested whether NIK activity is increased in P19 cells stimulated with ephrinB1. P19 is a murine teratocarcinoma cell line that expresses endogenous EphB1 receptors, and stimulation of these cells with ephrinB1 stimulates the activation of EphB1 receptors (45) . We found that stimulation of P19 cells with ephrinB1 led to a three-to fivefold increase in NIK activity (Fig. 1A) . The increase in NIK activity paralleled the activation of EphB1, in that increased NIK activity was observed only following receptor activation. Increased kinase activity in ephrinB1-stimulated cells was not detected in immunoprecipitates by using preimmune serum, indicating that anti-NIK antibodies do not nonspecifically precipitate a contaminating kinase in stimulated cells. To extend these observations to other Eph family members, we tested whether NIK activity is activated by EphB2 receptors in the neuronal cell line NG108 that ectopically expresses the EphB2 receptor (NG108-EphB2); it has previously been shown that ephrinB1 specifically activates EphB2 in these cells (21) . NIK activity is also increased three-to fivefold in NG108-EphB2 cells stimulated with ephrinB1. NIK activity was not induced in parental NG108 cells stimulated with ephrinB1, indicating that the increase in NIK activity is mediated by EphB2 (Fig. 1B) . These findings indicate that NIK activity is increased by at least two EphB family members.
Activation of NIK by EphB1 requires both EphB1 kinase activity and Y594 located in the juxtamembrane region of EphB1. The juxtamembrane region of all EphRs contains a conserved 10-amino-acid motif that includes two tyrosine residues that are targets for phosphorylation by the Eph kinase (9, 23) . While the exact function of these tyrosines in Eph signaling remains to be defined, recent evidence indicates that these tyrosines mediate binding to downstream SH2 domain-containing signaling molecules. For EphB1, the first tyrosine residue (pY594) in this motif binds the SH2 domain of Nck and is essential for JNK and integrin activation by EphB1 (27, 45) . These findings raise the possibility that direct coupling of NIK to the activated EphB1R by Nck regulates NIK activity.
To test whether EphB1 kinase activity and pY594 are required for EphB1 activation of NIK activity, we determined whether endogenous NIK activity is increased in 293 cells transiently transfected with either wild-type or mutant EphB1 receptors containing point mutations that disrupt EphB1 kinase activity [EphB1(K652R)] or pY594 [(EphB1(Y594F)]. 293 cells are suitable for these studies because they do not contain endogenous EphB1 receptors. EphB1 is constitutively active when transfected into 293 cells, presumably because the high level of EphB1 expression in these cells leads to constitutive receptor oligomerization and activation. We found that endogenous NIK activity is also increased three-to fivefold in 293 cells transfected with wild-type EphB1 (Fig. 2) . The ability of EphB1 to stimulate an increase in NIK activity required both EphB1 kinase activity and the juxtamembrane tyrosine, since an increase in NIK activity was not seen in cells transfected with either EphB1(K652R), which is kinase dead (KD), Half the immunoprecipitates were subjected to an in vitro kinase assay using [␥-
32 P]ATP and myelin basic protein (MBP) as the substrate. Reaction products were separated by SDS-PAGE (12.5% polyacrylamide) and visualized by autoradiography (upper panels). Half of the immunoprecipitate was immunoblotted with the anti-NIK antibodies, to ensure equal levels of NIK expression (lower panels). The anti-NIK antibody (␣-NIK) recognizes two isoforms of NIK that run at apparent molecular masses of 140 and 150 kDa, possibly due to alternate splicing of NIK. To control for nonspecific kinase activity coimmunoprecipitating with the anti-NIK antibodies, an immune complex kinase assay was performed on P19 cell lysates using preimmune serum (A). In addition, to demonstrate that the increase in NIK activity in stimulated NG108-EphB2 cells required the EphB2 receptor, NIK activity was assessed in the parental NG108 cell line (B).
or EphB1(Y594F). The increase in NIK kinase activity in cells transfected with wild-type EphB1 is specific for endogenous NIK and is not due to another kinase that coimmunoprecipitates with the anti-NIK antibodies, because the increase in NIK activity was completely blocked when a KD NIK [NIK (KD)] was coexpressed with the wild-type EphB1 receptor (Fig. 2) . The overexpression of NIK(KD) would be expected to compete with endogenous NIK for immunoprecipitation with anti-NIK antibodies and thus would be expected to lead to a decrease in immunoprecipitable NIK activity. However, overexpression of NIK(KD) would not be expected to inhibit kinase activity detected in anti-NIK immunoprecipitates if a small amount of a kinase other than NIK (e.g., the activated EphB1 receptor) was responsible for the increase in kinase activity. These results extend our observations with P19 and NG108-EphB2 cells, and indicate that both the EphB1 kinase activity and pY594 are required for EphB1 to activate NIK.
NIK forms a complex with p62 dok , RasGAP, and Nck in P19 and NG108-EphB2 cells stimulated with ephrinB1. As discussed above, ephrinB1 has previously been shown to stimulate a complex between EphB1 and Nck (45) . In contrast to EphB1, the EphB2 receptor has been reported to stimulate tyrosine phosphorylation of p62dok, which in turn binds the SH2 domains of Nck and RasGap (21) . p62
dok contains an N-terminal pleckstrin homology domain and several tyrosine phosphorylation sites that are contained within consensus SH2 binding motifs (5, 53) . p62 dok is tyrosine phosphorylated by a number of tyrosine kinases, and tyrosine-phosphorylated p62 dok is thought to regulate signaling pathways by functioning as a docking protein for SH2 domain-containing signaling molecules.
To determine whether NIK associates with Nck in P19 and NG108-EphB2 cells, we determined whether NIK and Nck coimmunoprecipitate in either unstimulated or ephrinB1-stimulated cells. We found that Nck coimmunoprecipitates with anti-NIK antibodies in NG108-EphB2 and P19 cells that were either unstimulated or stimulated with ephrinB1 (Fig. 3A) . This finding suggests that a preformed NIK-Nck complex is present in cells and is consistent with NIK being a physiological target for the SH3 domains of Nck in vivo. However, we detected only a small amount of Nck that specifically coimmunoprecipitated with anti-NIK antibodies. Thus, the interaction of NIK with Nck in vivo is likely to be of low stoichiometry and/or of low affinity, resulting in a partial disruption of the complex under the immunoprecipitation conditions used. We were unable to detect NIK in anti-Nck immunoprecipitates (Fig. 3A) . This may be because our anti-NIK antibodies are less sensitive than our anti-Nck antibodies at immunoblotting. In addition, Nck is present in a large molar excess over NIK in cells (data not shown); thus, most of the Nck present in cells cannot be associated with NIK, making it more difficult to detect NIK in Nck immunoprecipitates.
To determine whether NIK associates with similar or different proteins in EphB1-and EphB2-stimulated cells, we identified proteins associated with NIK in these cells by using coimmunoprecipitation experiments. In addition to precipitating Nck, anti-NIK antibodies immunoprecipitated a 62-kDa tyrosine-phosphorylated protein from both NG108-EphB2 and P19 cells stimulated with ephrinB1 (Fig. 3B) . The tyrosinephosphorylated 62-kDa protein that coprecipitates with NIK is most probably p62 dok , since this band comigrates with tyrosinephosphorylated p62
dok that has been immunoprecipitated with anti-p62 dok antibodies (Fig. 3B ). In addition, anti-Nck immunoprecipitation detected the same 62-kDa tyrosine-phosphorylated band in these cells stimulated with ephrinB1 (Fig. 3B) ; a previous study using the same NG108-EphB2 cells has demonstrated that the 62-kDa tyrosine-phosphorylated protein that coimmunoprecipitates with Nck is p62 dok (21) . We have been unable to confirm by Western blot analysis that the 62-kDa tyrosine-phosphorylated protein that coimmunoprecipitates with NIK and Nck is p62 dok due to the unavailability of antibodies that can be used in Western blots of p62 dok (21; R. Roth, personal communication). The decreased amount of tyrosine-phosphorylated p62 dok detected in anti-NIK immunoprecipitates compared with the amount of p62 dok detected in anti-Nck immunoprecipitates is consistent with the idea that NIK associates only indirectly with p62 dok via Nck; since only some of the Nck is bound to NIK in cells, more Nck than NIK would be expected to associate with p62 dok in ephrin-stimulated cells.
Tyrosine-phosphorylated p62 dok associates with the SH2 domains of RasGAP in NG108-EphB2 cells stimulated with ephrinB2 (21). However, RasGAP does not undergo tyrosine phosphorylation in these cells (21) . We found that NIK and Nck also form a complex with RasGAP in both NG108-EphB2 and P19 cells stimulated with ephrinB1. While a small amount of RasGAP coimmunoprecipitated with NIK in unstimulated cells, the amount of RasGAP that coimmunoprecipitated with NIK in NG108-EphB2 and P19 cells was increased following stimulation with ephrinB1 (Fig. 3B) . To assess NIK activation, total-protein extracts were immunoprecipitated with anti-NIK antibodies and subjected to an in vitro kinase assay as described in the legend to Fig. 1. (B) Transfected lysates were immunoblotted with antibodies to the HA epitope (12CA5) (␣-HA) to control for EphB1 expression (EphB1 was HA epitope tagged). To assess expression of EphB1, the same extracts were precipitated with wheat germ agglutinin and tyrosine-phosphorylated EphB1 was determined by immunoblotting the washed precipitates with antiphosphotyrosine antibodies (␣-PTyr).
A second tyrosine-phosphorylated protein that coimmunoprecipitated with NIK and Nck in cells stimulated via the EphB1 and EphB2 receptors was present at 145 kDa (pp145) (Fig. 3C and D and data not shown) . The identity of this protein is not known. This protein is not EphB1 or EphB2 receptor, phospholipase C␥, Abl, or NIK, since it does not immunoblot with antibodies to these proteins (Fig. 3C and D and data not shown). Thus, these findings indicate that the predominant proteins with which NIK associates in EphB1-and EphB2-stimulated cells are similar and include Nck, p62 dok , RasGAP, and an unidentified 145-kDa tyrosine-phosphorylated protein. It is likely that tyrosine-phosphorylated p62 dok is central to this complex and functions to bind the SH2 domains of Nck and RasGAP.
SHIP2 is tyrosine phosphorylated in EphB2-stimulated cells. In searching for the identity of the 145-kDa protein in EphB1-and EphB2-stimulated cells that coimmunoprecipitates with Nck and NIK, we determined whether pp145 is SHIP2. SHIP2 is a widely expressed 145-to 155-kDa inositol 5-phosphatase that dephosphorylates phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P 3 ] to PI(3,4)P 2 (17, 52) . In addition, SHIP2 is tyrosine phosphorylated by a number of receptor tyrosine kinases including epidermal growth factor receptor, platelet-derived growth factor receptor, nerve growth factor receptor, and insulin-like growth factor 1 receptor (17). We found that SHIP2 is tyrosine phosphorylated by EphB2. However, SHIP2 is not pp145; while antibodies to SHIP2 immunoblot SHIP2 in anti-SHIP2 immunoprecipitates, they do not immunoblot pp145 (Fig. 3D) . In addition, SHIP2 is not present in a complex with Nck, p62 dok , or NIK, since neither Nck nor tyrosine-phosphorylated p62 dok coimmunoprecipitates with SHIP2 ( Fig. 3D and data not shown) .
NIK functions to increase EphB1-mediated attachment of P19 cells to fibrinogen. Integrins can be activated by a number of intracellular signals through a mechanism that is referred to as inside-out signaling. Activation of integrins in this manner dok and RasGAP which is not tyrosine phosphorylated (data not shown). (C and D) Antibodies to NIK (␣-NIK) and Nck (␣-Nck) immunoprecipitate an unidentified tyrosine-phosphorylated protein of 145 kDa (pp145), which is not the EphB1 or EphB2 receptor. In panel C, the tyrosine-phosphorylated EphB1 receptor was detected by immunoblotting WGA precipitates with antiphosphotyrosine antibodies as described in the legend to Fig. 2B . The tyrosine-phosphorylated protein at 145 kDa runs at a higher molecular mass than the EphB1 receptor. In stimulated EphB2 cells, pp145, which coimmunoprecipitates with anti-Nck antibodies, is not the EphB2 receptor, since pp145 does not immunoblot with antibodies to EphB2 (D). In panel D, the filter was first probed with antiphosphotyrosine antibodies and, after being stripped, was reprobed with anti-SHIP2 (␣-Ship2) and then anti-EphB2 antibodies. The residual bands present in the anti-SHIP2 and the anti-EphB2 blot reflect incomplete stripping of the previously used antibodies. Differences in the concentration of the polyacrylamide gel, 7% (C) versus 10% (D), account for the apparent differences in migration between pp145 and EphB1 compared with pp145 and EphB2. (D) Antibodies to SHIP2 immunoprecipitate tyrosine-phosphorylated SHIP2 from NG108-EphB2 cells stimulated with ephrinB1. pp145 is not SHIP2, since we cannot immunoblot pp145 with antibodies to SHIP2. results in increased affinity of an integrin toward matrix (25) . EphrinB1 stimulation of a number of different cell lines, including endothelial, P19, and 293 cells, stimulates integrin activation as demonstrated by increased adhesiveness of these cells to fibrinogen-or fibronectin-coated plates (27, 46) . The increase in cell adhesion observed in these assays is specific because increased cell attachment is not observed when ephrinB1 is added to other control matrices including collagen I or laminin (27, 46) . In addition, the EphB1-stimulated increase in attachment of 293 cells to fibronectin requires both EphB1 kinase activity and tyrosine 594, since transfection of Eph mutants lacking kinase activity or tyrosine 594 failed to stimulate integrin-mediated attachment (27) . These findings indicate that some of the same signals that mediate NIK activation by EphB1 in 293 cells also mediate EphB1-stimulated integrin activation.
To test whether NIK may be a component of the downstream cytoplasmic signal(s) that couples EphB1 to integrin activation, we determined whether expression of NIK(KD) inhibited EphrinB1-stimulated integrin attachment of P19 cells to fibrinogen. We found that overexpression of NIK(KD) inhibited ephrinB1-and ephrinB2-stimulated attachment of P19 cells to fibrinogen compared with cells transfected with vector control (Fig. 4) . In contrast, overexpression of NIK(WT) did not affect EphB1-stimulated attachment of P19 cells (Fig. 4) . The finding that NIK(WT) and NIK(KD) have opposite effects in EphB1-stimulated adhesiveness to fibrinogen indicates that the inhibition in attachment of P19 cells by NIK(KD) is not due to a nonspecific effect of NIK overexpression and suggests that activation of NIK is critical for EphB1-stimulated integrin attachment. We excluded the possibility that direct binding of EphR to ephrinB1-Fc accounted for the increase in cell adhesion, because we did not observe an increase in cell attachment when ephrinB1 was added to other control matrices including collagen I or laminin.
To assess whether binding of NIK to Nck is required for NIK to mediate EphB1-stimulated attachment of P19 cells to these matrices, we tested a NIK mutant in which the proline residues on NIK that mediate binding to the SH3 domains of Nck are mutated to alanine (47) . We found that transfection of P19 cells with NIK(P611A, P614A) (47), a mutant which completely inhibits the binding of Nck to NIK in vitro, inhibited ephrinB1-and ephrinB2-stimulated attachment of P19 cells to fibrinogen to a level comparable to that found with NIK(KD). All the NIK constructs were expressed at similar levels in P19 cells, indicating that the differences observed are not due to different levels of expression of the various NIK proteins (Fig.  4B ). These findings indicate that NIK plays an important role in mediating one of the signals from EphB1 that stimulates integrin activation and suggests that binding of NIK to Nck is important for NIK to mediate this function.
NIK couples EphB1 to JNK activation. We have previously shown that NIK and msn function as MAP4K to stimulate JNK activation (47, 48) . The EphB1 receptor also activates JNK, and activation of JNK by EphB1 is dependent upon tyrosine phosphorylation of Y594 on EphB1 (45) . To determine whether NIK mediates JNK activation by EphB1, we used the RevTet-On system to inducibly express NIK(KD) in P19 cells. While JNK activity was increased twofold in P19 cells stimulated with ephrinB1, activation of JNK by ephrinB1 was almost completely inhibited in these cells following the induction of NIK(KD) with doxycycline (Fig. 5A) . In contrast, overexpression of NIK(WT) to higher levels than NIK(KD) did not inhibit JNK activation. Thus, these findings suggest that NIK also functions to couple EphB1 to JNK activation. The finding that NIK(KD) but not NIK(WT) blocked EphB1 activation of JNK suggests that NIK(KD) does not nonspecifically inhibit JNK activation by binding and inactivating a downstream MAP3K or by competing the binding of another physiologic target with Nck; under these conditions, inhibition of JNK activation by NIK(KD) would only confirm an essential role for Nck or a downstream MAP3K.
DISCUSSION
In comparison to other RTKs, little is known about the signaling pathways activated by Eph receptors or the downstream signaling molecules that mediate specific responses to these receptors. In this report, we demonstrate that the Ste20 kinase NIK is specifically activated by two EphB receptors, EphB1 and EphB2. Moreover, NIK activation is required both for EphB1-stimulated integrin attachment to fibrinogen and for activation of JNK. Thus, NIK and the downstream pathways regulated by NIK define a signaling pathway(s) that links EphRs to biological responses.
The mechanism whereby EphRs activate NIK is not yet clear. An attractive hypothesis is that Nck functions as an adapter molecule to couple NIK, bound to its SH3 domains, to tyrosine-phosphorylated proteins in Eph-stimulated cells. A similar model has been proposed and validated for the regulation of Son of Sevenless (Sos) by Grb2 (37, 41) . In agreement with this hypothesis, we found that a Nck-NIK complex associates with tyrosine-phosphorylated p62 dok in both EphB1-and EphB2-stimulated cells. p62 dok localizes to the plasma membrane via its amino-terminal pleckstrin homology domain (32) , and thus binding of Nck-NIK to p62 dok may be a means of localizing NIK to cellular membranes, where it may be activated. Although a number of different scenarios for NIK activation are possible, it is conceivable that the increased local concentration of NIK induced by the recruitment of NIK by Nck to phosphotyrosine-containing proteins may allow juxtaposed NIK molecules present in the complex to transphosphorylate and activate each other. Such a mechanism would be consistent with the finding that NIK is constitutively active in cells that transiently overexpress high levels of NIK protein, presumably due to constitutive dimerization of NIK induced by high levels of NIK expression (47) .
We expected to find that NIK would coimmunoprecipitate with the activated EphB1 receptor because previous studies with the yeast two-hybrid system and with cells have found that Nck binds pY594 in the juxtamembrane region of EphB1 (45) . In addition, tyrosine phosphorylation of Y594 on EphB1 is important for EphB1 to stimulate both the activation of the JNK MAPK module and the increase in integrin-mediated attachment to matrix (27, 45) . The finding reported here that pY594 is necessary for EphB1 activation of NIK in 293 cells indicates that pY594 also plays an important role in coupling EphRs to NIK activation. However, we have been unable to coimmunoprecipitate the activated EphB1 or activated EphB2Rs with either Nck or NIK in P19 or NG108-EphB2 cells, leading us to favor a model in which interaction of Nck with p62 dok may be more relevant for NIK activation in these cells. However, we cannot rule out the possibility that the interaction of Nck-NIK with the activated EphB1R is physiologically relevant to NIK activation and that a lower-affinity interaction and/or a decrease in the stoichiometry of this interaction makes this association undetectable under the conditions used in the coimmunoprecipitation experiments. Alternatively, pY594 may perform other critical functions in EphB1-stimulated cells that are unrelated to binding the SH2 domain of Nck but are critical for EphB1 receptors to signal. For example, the juxtamembrane tyrosines in EphB1 and EphB2 bind the SH2 domains of RasGAP and Src family kinases (9, 21, 55) . pY594 may also be required for EphB1 receptors to tyrosine phosphorylate p62 dok by either directly facilitating tyrosine phosphorylation of p62 dok by EphB1 or indirectly activating an intermediate tyrosine kinase, such as a member of the Src family.
A number of proteins have now been shown to bind the SH3 domains of Nck. These SH3 domains bind, in addition to NIK, the Wiskott-Aldrich syndrome protein, p21-activated protein kinase, Sos, Cbl, and PRK2 (14, 24, 31, 38, 40, 49) . While data from several lines of research have suggested that the interaction of Nck with these effector molecules regulates the actin cytoskeleton and/or various MAPK signaling pathways (14, 31, 42, 49) , an important question has been which of these molecules are physiological targets for the SH3 domains of Nck in vivo. In this regard, Drosophila p21-activated protein kinase has recently been shown, using genetic methods, to function downstream of dock in the targeting of R axons (20) . The findings we report here support a role for NIK as one of the physiological targets for the SH3 domains of Nck in vivo. First, endogenous NIK and Nck coimmunoprecipitate in NG108-EphB2 and P19 cells. Second, the same tyrosine-phosphorylated proteins are immunoprecipitated by both anti-NIK and anti-Nck antibodies in EphB1-and EphB2-stimulated cells. Third, a NIK mutant that fails to interact with Nck inhibited EphB1-stimulated integrin attachment to fibrinogen whereas wild-type NIK had no effect on integrin-mediated attachment. Moreover, the function of NIK as a physiological target of Nck has been confirmed in genetic studies of msn and dock in Drosophila. We found that msn binds the SH3 domains of dock and that amino acids that mediate this binding are required for correct targeting of photoreceptor axons (Su et al., submitted). It should be pointed out that a second molecule related to Nck␣ (Nck␤; "Ncka" is now used to describe the first Nck molecule cloned) was recently cloned (3, 6) . Our studies do not distinguish between these two Nck family members, and thus we cannot determine which Nck family member is more relevant to Eph and NIK signaling.
The above findings suggest that identifying the signaling pathways regulated by NIK in Eph-stimulated cells should better define not only the function of NIK but also the signaling pathways regulated by Nck. In this regard, we found that NIK activation is critical for EphB1 stimulation of integrin activation as manifested by increased adhesiveness of integrins to extracellular matrices. Intracellular signals that activate integrins and increase integrin affinity toward extracellular matrices have been referred to as inside-out signaling (25) . Previous studies have demonstrated that EphB1 activation of integrins requires a highly ordered oligomeric EphB1 signaling complex, and, while the capacity of EphB1 to stimulate integrin activation does not correlate with EphB1 tyrosine phosphorylation, EphB1 kinase activity, pY594, and pY929, which mediates binding to the low-molecular-weight phosphotyrosine phosphatase (LMW-PTP), are all required for EphB1-stimulated integrin activation (27, 46) . Previous studies have indicated that PI3-kinase, protein kinase C, and the GTP binding proteins R-Ras and Rho can activate signaling pathways that mediate integrin activation, although the mechanism whereby these cytoplasmic signaling pathways activate integrins is still poorly understood (25) . The placement of NIK on a pathway to integrin activation is the first demonstration that Ste20 kinases are components of a signaling pathway leading to inte- To assay JNK activity, lysates were incubated with 10 g of GST-Jun, and after they were washed, an in vitro kinase assay was performed as described previously (43) . Reaction products were separated by SDS-PAGE (15% polyacrylamide) and visualized by autoradiography. grin activation. Thus, the identification of downstream signals regulated by NIK that mediate integrin activation (e.g., JNK) and the mechanism whereby these signals cooperate with other signaling pathways activated by EphB1 (e.g., LMW-PTP) should provide new insights into the mechanisms whereby integrins are regulated by inside-out signals. It will be interesting to determine whether the increased attachment of integrins to matrix induced by EphR play an important biological role in regulating the migration of axons or cells by ephrins, since previous studies have demonstrated an important role for integrin affinity modulation in cell migration (26) .
It will be interesting to determine whether NIK plays a role in regulation of the actin cytoskeleton by EphRs, since this function is likely to be critical for the biological function of Ephs. In this regard, Noguchi et al. (32) reported that overexpression of p62 dok enhanced cell migration on fibronectin in response to insulin stimulation. This finding, together with the demonstration that p62 dok forms a complex with Nck and Ras-GAP in insulin-stimulated cells, suggests that p62 dok functions to couple the insulin receptor to cell migration by serving as a docking protein for Nck and RasGAP p62 dok . While a direct role for Nck in mediating this response to insulin stimulation was not tested, it is intriguing to speculate that recruitment of Nck-NIK to p62 dok in Eph-and insulin-stimulated cells functions similarly to regulate changes in the cytoskeleton and/or integrin activation. One potential mechanism whereby NIK may regulate the actin cytoskeleton has already been suggested by genetic studies with Drosophila and Caenorhabditis elegans (48) . Both the Drosophila homolog of NIK, msn, and the C. elegans homolog, MIG15, regulate signaling pathways that are critical for mediating changes in cell shape in the developing organism (48) . In Drosophila, msn functions to mediate changes in cell shape by activating the Drosophila JNK, bsk, which in turn phosphorylates and activates DJUN (33, 48) . Activated DJUN in turn mediates changes in cell shape by transcriptionally activating target genes, including dpp. The finding reported here that NIK also couples EphB1 to JNK activation suggests that some of the changes in the actin cytoskeleton induced by EphR may be mediated though a NIK-JNK pathway that is similar to those described in Drosophila and C. elegans. However, some signaling events induced by Eph receptors, such as collapse of the axonal growth cone, occur too quickly to require the transcription of new genes. In this regard, studies with Drosophila have indicated that msn mediates several biological functions that are independent of JNK activation (48) . Thus, a full understanding of the biological pathways regulated by NIK will require the identification of these JNK-independent signaling pathways regulated by msn and NIK. Our finding that NIK is activated by EphRs and couples these receptors to two known biological responses, JNK and integrin activation, together with the identification of SHIP2 and pp145 as targets for these receptors, should help to begin to dissect these fascinating but complicated actions of this family of receptors.
